) as shade increased from 0% to 80%, but these differences were only marginally signifi cant (P = 0.0897). In contrast, podophyllotoxin yield was signifi cantly greater in 2003 than in 2002 as total leaf area and dry mass signifi cantly increased. Increasing levels of shade slightly decreased air and soil temperatures. Our results indicate that american mayapple is not a shade-requiring species. Under full sun (0% shade) shoots did not persist as long as under shade and leaves were smaller and thicker, but total lignan content was signifi cantly greater than under shade. It appears that growers of specialty crops serving the pharmaceutical industry can establish and cultivate american mayapple under full sun, thus providing leaf biomass with high podophyllotoxin content while avoiding the cost of expensive shade structures.
The american mayapple (Podophyllum peltatum L.) is a medicinal plant of interest to the pharmaceutical industry because it contains podophyllotoxin, a lignan used as a precursor in the manufacture of several types of pharmaceuticals (Bedows and Hatfi eld, 1982; Canel et al., 2000a; Jackson and Dewick, 1985; Lerndal and Svensson, 2000) . Currently, the commercial source of podophyllotoxin is extracted from roots and rhizomes of the Indian mayapple, P. emodi Wall (syn. P. hexandrum Royle). However, destructive harvest and over-exploitation of this species has lead to its status as an endangered species (Foster, 1993; Rai et al., 2000) . Leaves of american mayapple were reported to contain relatively high levels of podophyllotoxin and the plant has potential as an alternative and renewable source of the compound (Canel et al., 2001; Moraes et al., 2000) . At this time, the authors are not aware of any commercial market for mayapple foliage.
American mayapple is a rhizomatous, herbaceous species that grows throughout eastern North America from Quebec and Minnesota in the north to Florida and Texas in the south (Meijer, 1974; Pearce and Thieret, 1993) . Mayapple shoots emerge relatively early in the spring and appear to take advantage of mottled sunlight under trees not yet in full foliage. The plant grows in colonies and is most often seen in wooded areas. Though uncommon, colonies can be found thriving in full sun. Medicinal plants that grow in similar wooded environments as mayapple have been shown to require shade. In Canada and several northern states of the U.S., a mature horticulture industry exists around the production of american ginseng (Panax quinquefolium L.) (Craker et al., 2003; Persons, 1994) . The standard production practice is to grow ginseng under 70% to 80% shade at a cost of about $12,000 to $16,000 ($US) per acre (Schooley, 2003) . Goldenseal (Hydrastis canadensis L.) is a shade-requiring species that can be grown in rotations with ginseng (Davis and McCoy, 2000; Sinclair and Catling, 2001) . In every aspect of growth that was measured it performed better under moderate shade (60% to 70%) than under extreme shade (95%). In addition, foliage of control plants under full sun was scorched and severely stunted (Quigley and Mulhall, 2002) . Though there are few guides to the cultivation of black cohosh [Actaea racemosa L., syn. Cimicifuga racemosa (L.) Nutt.], it is described as growing in the wild in areas of deep shade (Foster, 2000) . Nurseries that sell black cohosh to the public often suggest planting in part to full shade, though some nurseries recommend planting in part shade to full sun.
The purpose of this research was to determine the effects of shade on growth and lignan content of shoots arising from mayapple rhizome segments transplanted from the wild and grown under cultivation. This research is part of a larger effort to explore the domestication of american mayapple for its podophyllotoxin content and for its potential interest to growers of specialty crops .
Materials and Methods
Mayapple rhizome segments were harvested from the wild near Oxford, Miss. (34.372º N, 89.541º W, elevation 100 m) on 19 Dec. 2001. The site was a mixed mesophytic habitat that appeared not to have been disturbed in the past 20 to 30 years as judged by the age its trees. Plants were dormant at this time of year and rhizomes were located by carefully removing leaf litter and a shallow layer of soil in a location known to have mayapples. Segments were severed from the larger rhizome system to which they were attached and then carefully removed with roots intact. Soil adhering to the rhizomes was gently shaken loose. Each segment consisted of two nodes, a terminal node and a 1-year-old node, connected by internodal tissue (referred to as propagule type Nt+N1 in Maqbool et al., 2004) . Rhizomes were separated into four groups based on size and apparent vigor: small, medium, large, and extra large. Length of rhizome segments ranged from 5 to 7.5 cm for small-sized rhizomes to 18 to 20 cm for extra-large-sized rhizomes. The diameter of internodal tissue of each group followed a similar trend, with smallsized rhizomes having the smallest diameter and extra-large rhizomes having the largest diameter. Rhizomes were then transplanted into a randomized complete block design with four blocks, with extra-large rhizomes transplanted to block 1, large rhizomes to block 2, and so on. Rhizomes were transplanted to raised beds at the Horticulture Research & Education Unit at Verona, Miss., on 20 Dec. 2001. Raised beds were prepared with a press-pan-type bed shaper and spaced 1.8 m apart, center to center. Beds were formed 15 cm high and 75 cm wide across the top and drip irrigation tubing was installed in the middle of the bed. Each experimental unit (plot) consisted of 20 rhizome segments arranged in four parallel rows with each row spaced 15 cm apart across the top of the raised bed. Within each row, fi ve rhizomes were planted 15 cm apart and about 1.3 cm deep. Plots were immediately covered with a 2.5 cm layer of fi nely milled pine bark mulch (particle size 0 to 1.0 cm) and then an additional 5 cm layer of coarse pine bark mulch (particle size 1.0 to 2.5 cm). Plots were watered by hand immediately after transplant. The soil at Verona is a Quitman fi ne sandy loam (fi ne-loamy, siliceous, thermic, Aquic Paleudult).
Four levels of shade (sunlight exclusion) were used: 0%, 30%, 55%, and 80%. In 2002, the 30%, 55%, and 80% shade treatments were installed 27 Mar., a time when mayapple shoots were emerging from the ground. In 2003, shade treatments were installed 30 Jan., a time one month prior to shoot emergence. Treatments were installed before shoot emergence during the 2003 season to account for the infl uence of shade on soil temperatures and its possible effect on time of emergence. Shade material was removed from the frames to which they were attached after all mayapple shoots had senesced completely each year. Thus, shade treatments were in place for about fi ve to six months of each year. Frames were constructed of 1.9-cm-diameter polyvinylchloride tubing and bent into hoops over each plot. Frames were 3.0 m long, 1.5 m wide, and stood about 1.5 m at the highest point. Black polypropylene shade material with a lath weave design (Hummert Intl., Earth City, Mo.) was placed over and attached to each frame. Shade material covered the entire surface of the structure, including ends, and extended to the soil surface (Fig.  1) Plant emergence was recorded two or three times per week during March and April of each year. In 2002, all leaves within a plot were harvested as soon as two to three leaves within the plot began to exhibit evidence of senescence (yellowing), from the third week of April to the last week of June. In 2003, individual leaves within each plot were harvested as soon as the leaf began to exhibit evidence of senescence, from the third week of April to the third week of July. Shoot height in 2003 was determined at harvest by individually measuring all shoots within each plot from the surface of the mulch layer to where the petiole attached to the underside of the leaf. Leaf area of harvested leaves was measured using an area meter (LI-3100; LI-COR). Leaves were then dried in a forced-air, constant-temperature oven (model 1380FM; VWR Scientifi c Products, Cornelius, Ore.) at 40 °C for 4 d and dry mass recorded. Samples were dried at a lower-than-normal temperature to preserve lignan content. Samples were then sent to the National Center for Natural Products Research at the University of Mississippi for extraction and quantifi cation of lignan content. Podophyllotoxin, alpha-peltatin, and beta-peltatin were extracted and quantifi ed according to Canel et al. (2000b) . Total lignan content was calculated as the sum of podophyllotoxin, alpha-peltatin, and beta-peltatin contents. Podophyllotoxin yield was calculated by multiplying podophyllotoxin content by total leaf dry mass. Data were analyzed as a randomized complete block with shade levels as treatments and years as repeated measures. The Mixed procedure of SAS v. 8.2 was used for all analyses (SAS Institute Inc., Cary, N.C.).
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Results
Average values of 0%, 30%, 56%, and 83% shade (sunlight exclusion) were calculated from average readings (mean ± SE) of 1895±40, 1324 ± 25, 829 ± 20, and 328 ± 7 µmol·m -2 ·s -1 PPF, respectively. These results confi rm that target values for each shade treatment were achieved within an average error of 3% or less.
Shade affected air and soil temperatures of mayapple plots (Fig. 2) . Air temperatures of 0% shade were nearly always higher during the day than those of 80% shade. Air temperatures of 30% and 55% shade were generally intermediate between that of the 0% and 80% treatments. Soil temperatures of 0% shade were nearly always higher during day and night than those of 80% shade. Soil temperatures of 30% and 55% shade were generally intermediate between that of the 0% and 80% treatments. Season-long averages could not be calculated due to intermittent performance of the recording data logger.
Shade did not affect number of shoots that emerged each spring (Table 1) . It was assumed that slightly lower soil temperatures under increasing levels of shade would increasingly delay shoot emergence; however, shade did not infl uence time of shoot emergence (2003 only; data not shown). In contrast, shade greatly affected time of shoot senescence. Increasing levels of shade above 30% resulted in increasing days of shoot longevity, with longevity at 80% shade being 38% greater in duration than longevity at 30% shade ( There was a signifi cant interaction between shade and year for podophyllotoxin and total lignan contents ( Table 2) . Regardless of year, podophyllotoxin and total lignan contents at 0% shade were signifi cantly greater than those at 80% shade, and the overall trend was for decreasing contents with increasing shade (Table  2) . However, podophyllotoxin and total lignan contents in 2003 were signifi cantly greater than those of 2002 at 0% or 30% shade. In contrast, podophyllotoxin and total lignan contents in 2003 were not signifi cantly different from those of 2002 at 55% or 80% shade.
Shade did not affect alpha-peltatin content but signifi cantly affected beta-peltatin content ( Table 2) . Content of beta-peltatin was greater at 0% shade compared to the other three shade treatments (Table 2) . Year affected alpha-peltatin and beta-peltatin contents, with less content of each in 2003 than in 2002. There were large numerical decreases in podophyllotoxin yield as shade increased from 0% to 80%, but these differences were only marginally significant (P = 0.0897). In contrast, podophyllotoxin yield was signifi cantly greater in 2003 than in 2002 (Table 2) .
Discussion
Increasing shade resulted in slightly decreasing air and soil temperatures, thus confounding the effects of shade alone. Given the design of this study, the effects of shade and temperature cannot be separated. In the discussion below, the term shade is used with this understanding.
Shade greatly affected plant growth. As expected, shoots growing under increasing levels of shade produced increasingly larger leaves and taller plants. The larger leaves, however, did not have greater leaf mass, and as a result, shade treatments did not affect total leaf mass. This indicates that shade did not affect yield of leaf material when measured as weight of leaf material per square meter of growing area. Increasing shade also resulted in increasing shoot longevity, with an 80% reduction in light levels resulting in a 38% increase in days There are a large number of physiological and ecological reports about the effects of shade on photosynthesis, leaf pigments, and anatomy (e.g., Demmig-Adams and Adams, 1992) but there are few reports of the effects of shade on secondary metabolites in medicinal plants. Kelsey and Vance (1992) surveyed two populations of Pacifi c yew (Taxus brevifolia Nutt) for two forms of taxane: taxol and cephalomannine. One population was in shade and the other in full sun, and each population consisted of 10 trees. Cephalomannine content of bark and leaves was signifi cantly greater in shade than in sun. Taxol content of bark was also signifi cantly greater in shade than in sun, but in contrast, taxol content of leaves was not affected by sun or shade. As with our results with american mayapple, the effect of shade on compounds within leaves of pacifi c yew depended on the particular compound under investigation.
In conclusion, the american mayapple appears to be a shade-tolerant species. It is able to grow and thrive in full sun, unlike american ginseng, goldenseal and, to some extent, black cohosh (Davis and McCoy, 2000; Foster, 2000; Persons, 1994) . Though able to grow and thrive under full sun, the species also performs well under increasing levels of shade. Leaf size was smaller and shoot longevity greater under full sun compared to shade, but total leaf mass was not affected. Podophyllotoxin and total lignan contents were greatest under full sun. It appears that growers of specialty crops serving the pharmaceutical industry can successfully establish and cultivate american mayapple under full sun, thus avoiding the cost of expensive shade structures, and provide leaf biomass with high podophyllotoxin content. In contrast to a destructive harvest of the entire plant-roots, rhizomes, and shoots-harvest of only the leafy portion allows for the mayapple crop to rejuvenate. As a result, the crop becomes a renewable source of plant material containing the compound of interest: podophyllotoxin. This research did not explore the effect of shade on growth or podophyllotoxin content of roots and rhizomes, and it is not known how lignan content of leaves corresponds to that of roots and rhizomes under increasing levels of shade.
